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Abstract: Two-dimensional heterostructure of WSe2/MoS2 atomic layers has unique piezoelectric 
characteristics which depends on the number of atomic layer, stacking type, and interlayer 
interaction size. The van der Waals heterostructure of p- and n-type TMDC atomic layers with 
different work functions forms a type-II staggered gap alignment. The large band offset of 
conduction band minimum and valence band maximum between p-type WSe2 and n-type MoS2 
atomic layers leads to the large electric polarization and piezoelectricity. The output voltages for 
a MoS2/WSe2 partial vertical heterostructure with a size of 3.0 nm × 1.5 nm were 0.137 V and 
0.183 V for 4% and 8% tensile strains, respectively. The output voltage of AB-stacking 
MoS2/WSe2 heterostructure was larger than that of AA-stacking heterostructure for 4% tensile 
strain due to the contribution of intrinsic piezoelectricity and the symmetric condition in out-of-
plane. The AB-stacking has a lower formation energy and better structural stability compared to 
AA-stacking. The large output voltage of nanoscale partial or full vertical heterostructure of 2D 
WSe2/MoS2 atomic layers in addition to the increased output voltage through series connection of 
multiple nanoscale piezoelectric devices will enable the realization of nano electromechanical 
systems (NEMS) with TMDC heterostructure atomic layers.  
 
Introduction 
Two-dimensional (2D) layered materials of transition metal dichalcogenides (TMDCs) and 
hexagonal boron nitride (h-BN) are a great interest for the applications of nano electromechanical 
system (NEMS)1,2, biomedical devices for monitoring muscle dynamics and arterial repetition 
rates3,4, mechanical energy harvesting, and piezoelectronic sensing5,6. The 2D TMDCs and h-BN 
with an odd number layers are asymmetric, while the materials with an even number of layers are 
centrosymmetric. The piezoelectricity of a single-atomic-layer of h-BN, MoS2, MoSe2, or WTe2 
as functions of strain-induced lattice distortion and ionic charge polarization have been studied7,8 . 
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The orientation of the crystal layer is critical for piezoelectricity8,9 because the atomic layer 
exhibits anisotropic angular symmetry of second-order nonlinear polarization in response to 
applied electric field5.  It indicates that the symmetry of the atomic layer is broken along the 
armchair direction, while it is preserved along the zigzag direction5,10. An open-circuit voltage of 
MoS2 monolayer piezoelectric device with the dimension of 10 μm in length and 5 μm in width 
was reported to be 18 mV for 0.53% tensile strain6. The magnitude of output voltage is critical for 
the realization of 2D atomic layers for piezoelectric devices.  
The 2D TMDC atomic layers have a pool of scientific merits including a weak van der Waals 
coupling between layers11, strong covalent in-plane bonds12, large exciton binding energy13,14, 
reduced dielectric screening out-of-plane15, and potential boson-boson or boson-fermion 
entanglements16. The combination of different atomic layers enables the heterostructure 
piezoelectric effect. The van der Waals heterostructure of p- and n-type TMDC atomic layers with 
different work functions forms a type-II staggered gap alignment17,18. The large band offset of 
conduction band minimum (CBM) and valence band maximum (VBM) between p- and n-type 
atomic layers induces significantly large electric polarization and piezoelectric conversion19,20. The 
stacking styles and conditions of heterostructure with different strain modify the van der Waals 
(vdW) interaction energy between layers, energy band structure, and optical energy gap21,22, while 
the anisotropy of second-order nonlinear polarization along the angle between the incident 
polarization and the armchair direction of  atomic layer identifies the stacking style of 
heterostructure23. 
Among the TMDCs (MX2; M=Mo, W; X=S, Se, Te), the experimental results of piezoelectricity 
in MoS2 atomic layers were reported early.6, 24-29 The atomic layers could be prepared by 
mechanical exfoliation,6, 24, 25 chemical vapor deposition,26-28 or liquid phase exfoliation29 
techniques. The piezoelectricity of MoS2 atomic layer which was prepared by mechanical 
exfoliation6 was 15 mV and 20 pA for the 0.53% tensile strain which corresponds to a power 
density of 2 mW/m2 and 5.08% mechanical-to-electrical energy conversion efficiency. In this 
report,6 the mechanical energy of cyclic stretching and releasing of odd-layer MoS2 flakes resulted 
in the oscillating electrical energy. The piezoelectric coefficient in a free-standing single layer of 
MoS2 was experimentally estimated to be e11 = 2.9 × 10-10 C/m.24 The piezoresistivity as a 
function of strain for MoS2 atomic layers was also reported.25  
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The mechanically exfoliated MoS2 flakes are not suited to a large scale device fabrication 
because the size of flakes is in nano scale and the thickness of flakes are not even. A chemical 
vapor deposition (CVD) technique could prepare triangular monolayer MoS2 (1L-MoS2) flakes in 
the sizes of several micrometers.26-28 Using an atomic force microscope, the conductive tip-
induced current density in MoS2 piezoelectric device was 65 mA/cm2, while that of graphene 
piezoelectric device displayed just a noise current.26 The conductivity of MoS2 devices could be 
actively modulated by the electric field due to the piezoelectric charge polarization under the strain 
variation. 27 In this report, the polarized charges altered the Schottky barrier height at both contacts. 
The barrier height increased as the compressive strain was increased, and decreased as the tensile 
strain was increased. The output power from a nanogenerator in the armchair direction of MoS2 
was around two times higher than that in the zigzag direction for the same strain of 0.48% and 
strain velocity of 70 mm/s.28 In this article, the piezoelectric coefficient d11 of chemical vapor 
deposition grown MoS2 single layer was estimated to be ~3.78 pm/V. However, the scalability of 
electronic device with MoS2 with CVD is limited due to the electrode preparation with an electron 
beam lithography.29 The MoS2 flakes with liquid phase exfoliation (LPE) such as solution casting, 
spray coating, or inkjet printing was introduced for the scalable fabrication of electronic devices.29 
Using the LPE technique, the large piezoelectric current density, 100 mA/cm2, of MoS2 single 
layer was reported.29 The large piezoelectric current density was ascribed to the edges of stepped 
multiple layer MoS2 flakes.29 
For the atomic layer heterostructure, the spontaneous polarization of phosphorus/MoS2 and 
WS2/MoS2 was reported32, 33 however the piezoelectricity of partial and full TMDC atomic layer 
heterostructure with number of layers, stacking style, and interlayer interaction size are 
unprecedented. In this article, the piezoelectric properties of MoS2/WSe2 heterostructure were 
characterized. The MoS2/WSe2 heterostructure display the largest band offset between CBM and 
VBM34 among the combinations of Mo and W transition metal ions and Se and S dichalcognides.  
The large band offset between CBM and VBM implies the large electronic polarization between 
p-type and n-type atomic layers. The first principle study of MoS2/WSe2 partial vertical 
heterostructure with a size of 3.0 nm × 1.5 nm showed output voltages of 0.137 V and 0.183 V for 
4% and 8% tensile strains, respectively. The large output voltage within only a few nanometer 
scale of heterostructure atomic layers is attributable to the large electric polarization. In addition, 
a series connection of nanoscale piezoelectric device will significantly increase the output voltage 
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for the realization of NEMS with TMDC heterostructure. The electronic band diagrams of TMDCs 
with different number layers are shown in figure 1s. The forbidden band of each material is colored, 
where conduction band minimum (CBM), valence band maximum (VBM), and Fermi energy level 
(EF) are numerated. The bandgap is reduced with the increasing number of atomic layers. The 
direct bandgap of monolayer changes to the indirect gap of multilayers. The direct band gap of 
TMDC monolayer is located at K and K’ points in the first Brillouin Zone, and the electronic 
transitions are associated with valley pseudospin, electron and hole spins, and optical helicity. 
 
 
Figure 1.  Electronic band diagrams of TMDCs for (a) 1 layer; (b) 2 layers; (c) 3 layers, and (d) 4 layers. 
EF indicates the Fermi energy level. 
 
Methodology 
    The piezoelectronic properties of 2D WSe2/MoS2 heterostructure was investigated by the first 
principle calculations with density functional theory (DFT) in Virtual Nanolab ATK package35. 
The Localized Density Approximation (LDA) exchange correlation with a double zeta polarized 
(DZP) basis was used with a mesh cut-off energy of 150 Ry36. 1× 1× 50 Monkhorst-Pack k-grid 
mesh was employed with more k-points in transport direction37. All atomic positions and lattice 
constants were optimized by using the Generalized Gradient Approximations (GGA)38 with the 
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maximum Hellmann-Feynman forces of 0.05 eV/Å39. Pulay-mixer algorithm was employed as 
iteration control parameter with a strict tolerance value40 of 10−5. The self-consistent field (SCF) 
calculations were used to guarantee full convergence within the iteration steps. The maximum 
number of fully SCF iteration steps36 was set to 1000. The dirichlet boundary condition was used 
along the transport direction41, and the periodic boundary condition was utilized along other two 
vertical directions42. The electronic temperature was set to 300 K for all the simulations.  
The first principle calculation includes the piezoelectricity of partial and full vertical 
WSe2/MoS2heterostructure for different number of atomic layer, stacking type, and interlayer 
interaction size.  
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Figure 2. Energy band diagram of (WSe2)m/(MoS2)m heterostructure for (a) 1 layer; (b) 2 layers; (c) 3 
layers and (d) 4 layers. The Fermi energy level is indicated by EF. The forbidden band is marked by the 
colored region. The conduction band minimum (CBM) and valence band maximum (VBM) are numerated. 
 
Results and Discussion 
Among all the possible combinations of TMDCs materials composing 2D heterostructure, 
as shown in Supplementary Information (figure 1s), the band gap of MoS2/WSe2 is lowest for 
various structure thickness of 1-4 layers. The narrowing of the electronic band gap Eg would lead 
to the larger piezoelectricresponse. Therefore, (WSe2)m/(MoS2)m was slected for investigating the 
piezoelectricity of atomic layer heterostructure. The energy band diagrams of (WSe2)m/(MoS2)m 
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heterostructure with m-layers of p-type and n-type atomic layers are shown in figure 2. The larger 
band offset would have a stronger polarization response in the heterostructure. WSe2 and MoS2 
atomic layers act as p-type and n-type materials. The heterostructure of p- and n-type TMDC 
atomic layers with different work functions formed a type-II staggered gap alignment. The Fermi 
level (EF) is located near the VBM of WSe2 and CBM of MoS2. This indicates that the high density 
free holes accrue at WSe2 atomic layer, and the high density free electrons build up at MoS2 atomic 
layer. Then, the electric polarization between p-type WSe2 and n-type MoS2 atomic layers is 
induced in the WSe2/MoS2 heterostructure. The interlayer energy difference between WSe2 and 
MoS2 is tunable from 0.71 eV to 0.42 eV as the number of layers is changed from 1 to 4. The larger 
band offset would have the larger piezoelectronic response in the heterostructure. 
 
I. Partial vertical heterostructure 
Figure 3. Schematic drawings of piezoelectric device with partial vertical heterostructure of WSe2 and MoS2 
atomic layers in (a) top view and (b) side view. Electrostatic potential distribution between the electrodes 
for (c) whole heterostructure region and (d) near the right electrode. (e) Output voltage as a function of 
strain. 
 
    Figure 3 (a) and (b) show the piezoelectric device with partial vertical heterostructure of p-type 
WSe2 and n-type MoS2 atomic layers by AB stacking, where the chalcogenides (metals) in the top 
layer reside right above the metals (chalcogenides) in the bottom layer. The AB stacking with a 
short interlayer distance has a stronger vdW interaction than AA stacking43. Figure 3 (c) and (d) 
show the electrostatic potential distribution along the transport direction in the partial vertical 
heterostructure of WSe2/MoS2 for five different tensile strains with 2% increment of lattice 
parameter a along the transport direction. The larger (smaller) electrostatic potential is formed with 
the larger (smaller) depletion region. Figure 3 (e) shows the evolution of the output voltage as a 
function of the strain. The output voltages which are the electrostatic potential differences at right 
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edge between the strained and the unstrained heterostructures are increased up to 0.137 eV and 
0.183 eV for 4% and 8% strains, respectively.  
 
Number of atomic layers 
Figure 4. Schematic drawings of partial heterostructure piezoelectric devices with WSe2/MoS2 in AB-lattice 
stacking for different layers of (a) 1 layer, (b) 2 layers, (c) 3 layers, and (d) 4 layers. (e) Output voltage as 
a function of strain.  
 
Figure 4 (a), (b), (c) and (d) display the schematic diagrams of partial heterostructure piezoelectric 
devices with WSe2/MoS2 in AB-lattice stacking for different layers of 1 layer, 2 layers, 3 layers, and 4 
layers. The piezoelectric conversion output voltage as a function of stain is shown in figure 4 (e). 
The output voltage is monotonically decreased by increasing the number of layers. The output 
voltage was significantly decreased from 0.137 eV to 0.0072 eV for the heterostructure from 1 
atomic layer to 4 atomic layers for 4% tensile strain. The smaller output voltage with the more 
number of atomic layers is due to the narrower band offset between WSe2 and MoS2, as shown in 
figure 1, where the electric polarization is attenuated in the heterostructure with multilayers.  
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Figure 5. Schematic drawings of four different types of WSe2/MoS2 heterostructure piezoelectric devices 
with (a) AB-stacking, (b) AB-stacking shift, (c) AA-stacking, and (d) AA-stacking shift. (e) Output voltage 
as a function of strain for four different types of lattice stacking and layer shift.  
 
The different lattice stacking in TMDCs has different interlayer interaction in heterostructure44 
which specifies the unique piezo-electronic property for each stacking type. Figure 5 (a), (b), (c), 
and (d) display the schematic drawings of four different types of WSe2/MoS2 heterostructure 
devices with AB-stacking, AB-stacking shift, AA-stacking, and AA-stacking shift. In the AB- and 
AA-stacking shift, the atomic layer is shifted to the opposite direction in parallel with the distance 
of a half lattice parameter. The figure 5 (e) shows the output voltage as a function of strain for the 
partial vertical heterostructure of WSe2/MoS2 with four different types of stacking. For the tensile 
strain larger than 4%, the heterostructures with AB-stacking and AB-stacking shift have the larger 
output voltage than those of the structures with AA-stacking and AA-stacking shift. The output 
voltage of heterostructure with AB-stacking was 0.137 V for 4% tensile strain, which is 50% 
higher than that of the heterostructure with AA-stacking. In comparison to AA-stacking, the AB-
stacking heterostructure has the stronger interlayer coupling with the shorter interlayer distance, 
smaller band gap, and larger band offset22. Therefore, the AB-stacking heterostructure induces the 
larger piezoelectric response to the strain with the larger output voltage than that of AA-stacking. 
The output voltage difference between the stacking and the stacking shift is not visible.  
Figure 6 shows the formation energy of partial and vertical heterostructures for four different 
stackings and stacking shifts. The formation energy is given by Efm= EWSe2/MoS2 –(EWSe2 + EMoS2), 
where EWSe2/MoS2 is the total energy of heterostructure, EWSe2 and EMoS2 are the structural energies 
of WSe2 and MoS2 layers without layer interaction45. The total energy includes the exchange-
correlation energy, kinetic energy, and electrostatic energy46. The lower formation energy 
indicates better stability. The negative formation energies with AB-stacking and AB-stacking shift 
(a) 
(c) (d) 
(e) 
(b) 
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are due to the attraction between the oppositely charged ions of MoS2 and WSe2 at the interface of 
interlayer, while the positive formation energies with AA-stacking and AA-stacking shift are due 
to the repulsion between the ions with same charges of MoS2 and WSe2 at the interface of 
interlayer47. The lowest formation energy with AB-stacking indicates the best structural stability. 
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Figure 6. Formation energy of four different types of partial and vertical heterostructures with AB-stacking, 
AB-stacking shift, AA-stacking, and AA-stacking shift.  
 
Interlayer interaction size 
The schematic drawing of heterostructure piezoelectric devices of WSe2/MoS2 for the three 
different sizes of interlayer interaction are shown in figure 7 (a), (b), and (c). The length difference 
between two atomic layers is fixed to 3 unit cells. The three different sizes of interlayer interaction 
include 3, 4, and 5 unit cells. Figure 7 (d) shows the output voltage as a function of tensile strain 
for three different sizes of interlayer interaction. The heterostructure with the interlayer interaction 
size of 4 unit cells has the largest output voltage. The output voltages of heterostructure with the 
interlayer interaction size of three unit cells for 2% and 4% tensile strain are negative. It indicates 
that the left electrode acts as the anode, while the right electrode acts as the cathode. The reversal 
of the output polarity demonstrates that the band offset between WSe2 and MoS2 is reduced for the 
heterostructure with interlayer interaction area of 3 unit cells under 2% and 4% tensile strain. The 
separation distance between the layers also modifies the piezoelectric properties of heterostructure. 
The intrinsic interlayer distance between WSe2 monolayer and MoS2 monolayer was calculated to 
be 3.135 Å. The output voltages of heterostructure with interlayer distances of 4.0 Å and 7.0 Å 
were slightly modified from that with an interlayer distance 3.135 Å. It indicates that the interlayer 
distance change with a few angstrom does not affect the piezoelectric conversion. However, the 
structural stability is significantly reduced by increasing the interlayer distance between WSe2 and 
MoS2.  
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Figure 7. Schematic drawing of heterostructure of WSe2/MoS2 with three different interlayer interaction 
sizes of (a) 3, (b) 4, and (c) 5 unit cells. (d) Output voltage as a function of tensile strain for three different 
interlayer interaction sizes in unit cell dimension between WSe2 and MoS2. 
     
II. Full vertical heterostructure 
Figure 8 (a) shows the schematic drawing of piezoelectric device with a full vertical 
heterostructure of WSe2/MoS2. The heterostructure consists of m number of MoS2 atomic layers 
and n number of WSe2 atomic layers. The atomic layers in the heterostructure are stacked each 
other over the entire unit cells. Figure 8 (b), (c), and (d) display the electrostatic potential 
distribution along the transport direction (out-of-plane direction) of the heterostructure for 0%, 2%, 
4%, 6% and 8% tensile strains. The electrostatic potential difference between the bottom edge and 
the top edge of unstrained (0%) heterostructure with MoS2 monolayer and WSe2 monolayer was 
2.903 V. The electrostatic potential was increased as the tensile strain was increased. The 
electrostatic potential for 8% tensile strain was increased up to 3.1414 V between the bottom edge 
and the top edge of heterostructure. The change of electrostatic potential is due to the electronic 
or/and ionic polarization changes with atomic lattice deformation responding to the external stress.  
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11 
 
S
e 
W 
S 
Mo 
Au/V 
 
 
Figure 8. (a) Schematic drawing of full vertical heterostructure with n number of WSe2 atomic layers and 
m number of MoS2 atomic layers. Electrostatic potential distributions (b) along the entire transport distance, 
(c) at the left edge in the channel near the left electrode, and (d) at the right edge in the channel near the 
right electrode for the different tensile strains of 0%, 2%, 4%, 6% and 8%. 
 
    Figure 9 shows the output voltage as a function of tensile strain for the full vertical 
heterostructure with m number of MoS2 atomic layers (mL) and n number of WSe2 atomic layers 
(nL). The output voltage is monotonically increased as the tensile strain is increased. The output 
voltage is also dependent on the number of atomic layers in full vertical heterostructure. The output 
voltage of full vertical heterostructure with 1L-MoS2 and 1L-WSe2 is 0.239 V for the 8% tensile 
strain. However, the output voltage of heterostructure with 2L-MoS2 and 2L-WSe2 is 0.193 V for 
the 8% tensile strain. Compared to the output voltage with monolayer/monolayer heterostructure, 
the noticeable reduction of output voltage with bilayer/bilayer heterostructure is due to the 
reduction of band offset, as shown in figure 1 (a) and (b), and the attenuation of electric 
polarization by doubling the number of atomic layers. However, the output voltage (0.239 V) of 
full vertical heterostructure is higher than that (0.185 V) of partial vertical heterostructure under 
the same magnitude of tensile strain. It indicates that the larger interlayer coupling area of full 
vertical heterostructure leads to the larger piezoelectric response. 
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Figure 9. Output voltage as a function of tensile strain for the full vertical heterostructure with different 
number of layer combinations including 1L-MoS2/1L-WSe2, 1L-MoS2/2L-WSe2, 2L-MoS2/1L-WSe2, and 
2L-MoS2/2L-WSe2. 
 
Conclusion 
    The piezoelectronic properties of 2D WSe2/MoS2 heterostructure was investigated by first 
principle calculations with the density functional theory. The output voltage of partial vertical 
heterostructure atomic layers were 0.137 eV and 0.183 eV for 4% and 8% tensile strains, 
respectively. The different number of atomic layer, stacking type, and interlayer interaction size 
were the characteristic parameters of piezoelectricity for the partial and full vertical 
heterostructures. The output voltage of vdW heterostructure was significantly increased as the 
number of atomic layer was reduced. The large enhancement of output voltage was due to the large 
band offset and electric polarization with monolayer heterostructure. The output voltage of AB-
stacking heterostructure of WSe2/MoS2 for the 4% tensile strain was larger than that of AA-
stacking heterostructure for the same tensile strain due to the contribution of intrinsic 
piezoelectricity of each single layer in addition to the characteristic symmetric condition in out-
of-plane. The interlayer interaction size modified the magnitude and polarity of output voltage. 
The intrinsic interlayer distance between 1L-MoS2 and 1L-WSe2 was 3.135 Å. The output voltage 
of full vertical heterostructure with 1L-MoS2 and 1L-WSe2 was 0.239 V for 8% tensile strain, 
while that of full vertical heterostructure with 2L-MoS2 and 2L-WSe2 was 0.193 V for the same 
strain. The large reduction of output voltage with bilayer/bilayer heterostructure was due to the 
reduction of band offset and the attenuation of electric polarization by doubling the number of 
atomic layers. The large output voltage of nanoscale partial or full vertical heterostructure was the 
unique piezoelectric property of 2D WSe2/MoS2 atomic layers with a large band offset. Therefore, 
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an additional enhancement of output voltage with a series connection of nanoscale piezoelectric 
devices will enable the realization of prospective NEMS with TMDC heterostructure atomic layers. 
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